Background: Altered myocardial sympathetic innervation activity (AMSI) is known to be present in systolic heart failure patients (SHF) and recently SPECT imaging using I-123 mIBG heart to mediastinum (H/M) ratio <1.6 has been shown to predict MACE in the ADMIRE-HF trial. Left ventricular mechanical dyssynchrony (LVMD) is known to be present in a substantial number of SHF patients and has been studied mainly to guide CRT therapy. Recently gated SPECT has shown promise to provide an accurate assessment of LVMD. It remains unclear how the combination of AMSI and LVMD collectively affect clinical outcomes and other cardiovascular parameters. Objectives: The objectives are to examine the clinical characteristics and incremental prognostic value for MACE of LVMD determined by SPECT in SHF patients with or without abnormal cardiac MIBG uptake (H/M ratio < 1.6). Methods: Out of 30 SHF patients who participated from our institution in the ADMIRE-HF trial studying MIBG based AMSI, we included 22 patients with abnormal MIBG H/M ratio of <1.6. We performed gated SPECT LVMD analysis on these patients using the Emory Cardiac Toolbox. The 2 SPECT variables for LVMD assessed were histogram bandwidth and phase standard deviation both of which assess the extent of dispersion of LV activation during contraction as a marker of LVMD. Patients were followed up for a mean period of 6 years. The primary end point was mortality from any cause and secondary end point was heart failure admission or myocardial infarction or ICD shock. Results: 2 Groups were defined: Group A: n = 17 with H/M MIBG ratio < 1.6 and +LVMD and Group B, n = 5 H/M MIBG ratio < 1.6 and −LVMD. Baseline characteristics, cardiac risk factors and medications were comparable between both groups. LVEF was lower and RBBB was less common in Group A. There was no statistical difference in achievement of primary or secondary end points in the two groups including death heart failure readmissions, ICD shocks or MI. Conclusions: In our pilot study, we did not find definitive value of adding SPECT based LVMD to abnormal cardiac MIBG imaging in SHF patients with regards to predicting outcomes. Although our sample size is too small to make any definitive conclusions, it is possible that LVMD works independently through different pathways in the progression of SHF and hence may not necessarily add incremental value to AMSI determination using MIBG.
Introduction
Compared with myocardium of healthy controls, the myocardium of patients with chronic left ventricular dysfunction is characterized by a significant reduction of pre-synaptic norepinephrine (NE) uptake and post-synaptic beta-adrenoceptor density [1] [2] . The uptake-1 mechanism is one of the main NE disposal systems, and its malfunction in chronic systolic heart failure (SHF) may lead to abnormal catecholamine concentration in the synaptic cleft and reduced concentration in the pre synaptic adrenergic nerve endings [3] . I-123 mIBG was developed through a modification of the potent neuron-blocking agent guanethidine that acts selectively on sympathetic nerve endings. Uptake of I-123 mIBG into neurons is achieved mainly through the uptake-1 mechanism, a homeostatic system responsible for the reuptake of NE. Unlike NE, I-123 mIBG is not metabolized, allowing it to be imaged to study altered myocardial sympathetic innervations activity (AMSI). I-123 mIBG uptake is semi-quantified by calculating a heart-to-mediastinum ratio (HMR) after drawing regions of interest over the heart and mediastinum (Figure 1) . This approach provides a highly reproducible index of cardiac sympathetic activity [4] . By comparing early and delayed activities, the I-123 mIBG washout (WO) rate from the myocardium can be derived, providing a parameter that reflects retention of NE by sympathetic neurons. It has been shown that the uptake of I-123-mIBG is significantly reduced in patients with SHF. Impaired cardiac adrenergic innervation as assessed by 123 I-mIBG imaging is strongly related to mortality in patients with HF independently of its cause, and I-123 mIBG heart to mediastinum ratio < 1.6 has been shown to predict MACE in the ADMIRE-HF trial [5] . A pictorial illustration of H/M ratio measurement and calculation is shown in Figure 1 .
SPECT Dyssynchrony
Assessment of LV mechanical dyssynchrony (LVMD) can be done using phase analysis of gated SPECT MPI. Phase analysis is based on the partial volume effect, which states that LV regional maximal counts in SPECT MPI images are nearly proportional to the myocardial wall thickness of the same region [6] . Phase standard deviation (the standard deviation of the OMC phase distribution) (PSD) and phase histogram bandwidth (the width of the histogram band, (PHB) are two quantitative indices to assess LV global mechanical dyssynchrony. Normal limits for these indices have been generated from prior gated SPECT MPI studies [7] [8] .
Processing steps of phase analysis of gated SPECT MPI uses Emory Cardiac Tool Box (ECTB), Emory University/Syntermed, Inc., Atlanta, GA. The gated SPECT MPI data are reconstructed and reoriented to generate a gated short-axis image. 3D sampling is performed on each temporal frame of the gated short-axis image to detect regional maximum counts. The points shown in the plots are regional wall thickening data. The first harmonic Fourier function is used to approximate the wall thickening data (shown as the solid line) to calculate a phase angle for each region. Once the phase angles of all regions are obtained, a phase distribution is generated and displayed in polar map or in histogram. Note that the phase difference between 8 and 16 frame/cycle is very small-0.5˚ (360˚ corresponding to one cardiac cycle) demonstrating that the first harmonic approximation improves the temporal resolution of the phase measurement. Also note that the phase polar map shows a significant phase delay (bright region) at the anterior and apical wall, where the perfusion polar map shows a severe defect.
The developed OMC normal databases consisted of phase SD (14.2˚ ± 5.1˚ for men and 11.8˚ ± 5.2˚ for women), and phase histogram bandwidth (38.7˚ ± 11.8˚ for men and 30.6˚ ± 9.6˚ for women) [9] .
The relationship between cardiac sympathetic innervation and myocardial dyssynchrony is unclear and whether presence of LVMD has additional prognostic value for outcomes has not been well documented and formed the basis of out retrospective single center analysis.
Methods
This was a retrospective cohort study. Out of 43 SHF patients who participated in the ADMIRE-HF trial, 30 patients with gated SPECT data were initially included in the study. Out of 30 we included 22 patients with abnormal I-123 mIBG H/M ratio of <1.6 studying the final study group. We then performed gated SPECT LVMD analysis on these patients using the ECTB software. Each subject enrolled in this study underwent a standard resting ECG-gated SPECT myocardial perfusion scan per standard American Society of Nuclear Cardiology guidelines for SPECT acquisition as part of the ADMIRE-HF trial [10] .
Gated SPECT data were acquired at 8 frames per cardiac cycle. The R-R window used for gating was averaged from the prescan electrocardiogram. The short-axis data sets were generated by Butterworth filtering, followed by filtered back projection reconstruction and oblique reorientation. The ECTB software then extracts 3-dimensional count distributions from each of the 8 left ventricular short axis data sets and submits for Fourier phase analysis. Then, the analysis generates a 3-dimensional phase distribution that describes the timing of the left ventricular regional OMC as a function of degrees, with the 360˚ range representing the entire length of the R-R interval. Once the phase distribution was generated, it is displayed on the polar map as well as in histogram format (Figure 2) .
The x-axis represents the timing of 1 cardiac cycle (R-R interval) in degrees. The y-axis represents the percent of myocardium that demonstrated the OMC during any particular time of the cardiac cycle. The 2 SPECT variables for LVMD assessed were histogram bandwidth and phase standard deviation both of which assess the extent of dispersion of LV activation during contraction as a marker of LVMD. The software has been implemented in the Emory Cardiac Toolbox (Emory University/Syntermed, Inc., Atlanta, GA) for analysis of gated SPECT myocardial perfusion studies.
The primary end point was mortality from any cause and secondary end point was heart failure admission or myocardial infarction or ICD shock. Myocardial infarction was defined as detection of a rise and/or fall of the measurements of specific biomarker cardiac troponin in the clinical setting of acute myocardial ischemia. Admission for decompensated heart failure was defined as admission with dyspnea requiring administration of intravenous diuretics. ICD shock was defined as appropriate therapy received by patient for ventricular tachycardia or ventricular fibrillation as documented on interrogation of the ICD. Patients were followed up for a mean period of 6 years.
Statistical Analysis
The Fisher exact test has been used for comparisons of all of the categorical variables, the Cochran-Armitage trend test has been used for comparisons of ordinal variables, two-sample t-tests have been used for comparisons of numeric variables containing normally distributed data, and the Wilcoxon rank test has been used for comparisons of numeric variables containing non-normally distributed data. Differences in outcomes were evaluated between the 2 groups using Fisher exact test.
Results
The baseline clinical and echocardiographic parameters are summarized in Table 1 . 2 Groups were defined: (Group A: n = 17 with H/M I-123 mIBG ratio <1.6 and +LVMD and Group B: n = 5, H/M MIBG ratio <1.6 and −LVMD). Baseline characteristics, cardiac risk factors and medications were comparable between both groups. LVEF was lower and RBBB was less common in Group A. Within the total of 22 patients who had histogram bandwidth and standard deviation data along with an H/M ratio less than 1.6, the histogram bandwidth had a mean of 140.6 ± 82.2 while the phase standard deviation had a mean of 45.3 ± 21.6.
In the 2 groups studied, Group A had a mean histogram bandwidth of 164.8 ± 78 compared to a mean histogram bandwidth of 58.2 ± 10.9 for the 5 patients without LVMD (p < 0.001). In Group A the mean phase standard deviation was 52.8 ± 18.6 for the 17 patients with LVMD compared to 19.8 ± 4.8 for the 5 patients without abnormal SPECT (p < 0.001).
A total of 12 patients had the combination outcome of death and/or ICD shock. Nine of them had death without ICD shock, 2 of them had ICD shock without death, and 1 of them had both death and ICD shock. Death/ ICD shock occurred in 2 of the 5 patients who had an H/M ratio less than 1.6 without SPECT dyssynchrony (40.0%) and in 10 of the 17 patients who had an H/M ratio less than 1.6 with SPECT dyssynchrony (58.8%). That difference is not statistically significant (Fisher exact test p-value = 0.624). Scatter plots of events in relation to H/M ratio are shown in Figure 3(a) and Figure 3(b) .
Regarding the composite secondary end point of MI/heart failure admission/ICD shock, 10/17 patients with abnormal SPECT had an event (58.8%) compared to 3/5 patients without abnormal SPECT (60) but again this was not statistically significant (p-value = 1.000). 
Discussion
Impaired cardiac adrenergic innervation as assessed by I-123 mIBG imaging is strongly related to mortality in patients with HF independently of its cause from prior studies [5] . Use of I-123 mIBG is now an FDA approved indication for use in NYHA class 2 -3 SHF patients with EF of 30% -35% when additional risk stratification is desired prior to ICD placement. Patients with SHF have a higher likelihood of LVMD which is linked to sudden cardiac death. CRT is approved for the treatment of patients with NYHA class III/IV heart failure symptoms who have ejection fractions of 35% or less and a QRS duration of greater than 120 milliseconds on a surface electrocardiogram. Several studies have shown benefits with CRT when added to optimal medical therapy for groups of patients who meet these selection criteria. These benefits include improved functional status, exercise tolerance, quality of life, and left ventricular reverse remodeling [11] - [14] . Prior studies have evaluated the relationship between LVMD and cardiac sympathetic innervation. In one study looking at relationship between MRI derived dyssynchrony parameters (spatial and temporal) and H/M ratio by I-123 mIBG in patients with nonischemic heart failure [15] . Spatial dyssynchrony was worse in patients with H/M ratio < 2 but no differences in temporal dyssynchrony existed. Specific cutoffs of I-123 mIBG as used in our study were not evaluated. In another study looking at echocardiographic dyssynchrony and H/M ratio by I-123 mIBG [16] Overall dyssynchrony was present more in patients with lower compared to higher H/M ratios. Interestingly those with dyssynchrony and H/M ratio >1.6 had better CRT response than those without dyssynchrony but with H/M ratio < 1.6 [16] . An important substudy done in the ADMIRE HF trial was a dysynchrony analysis looking at 92 sudden cardiac death events in the primary trial over a period of 17 month of follow-up. A propensity matched control group of 85 patients were compared to these 92 patients. Compared to the control the phase standard deviation parameter of SPECT dyssynchrony was greater in those who experienced events and moreover degree of SPECT dyssynchrony was greater in those with H/M ratio < 1.6. However of note this study was done in a very sub selected and highest risk group of patients where hard events had occurred and did not address the role of SPECT dyssynchrony in all patients with low H/M ratio of < 1.6. In our study we specifically looked at the abnormal H/M ratio < 1.6 and studied extent of SPECT dysynchrony and showed that the histogram bandwidth and the phase standard deviation are indeed more abnormal in the majority (77%) of patients with H/M ratio < 1.6 but overall not difference in events were detectable in both primary and secondary end points Although our sample size is too small to make any definitive conclusions it is possible that LVMD works independently through different pathways in the progression of SHF and hence may not necessarily add incremental value to AMSI determination using MIBG.
Limitations
Our study is single center with a small sample size limiting any definitive conclusions. Yet it is among the few focused studies which has evaluated the link between gated SPECT LVMD and AMSI and showed that indeed there is greater dyssynchrony as detected by SPECT in patients with AMSI as shown in prior studies but not necessarily predictive of events which could be related to sample size limitations.
Conclusion
Gated SPECT LVMD is prevalent in patients with SHF who have AMSI (H/M ratio with I-123 mIBG of <1.6). In our pilot study, we did not find definitive value of adding SPECT based LVMD to abnormal cardiac MIBG imaging in SHF patients with regards to predicting outcomes. Although our sample size is too small to make any definitive conclusions, it is possible that LVMD works independently through different pathways in the progression of SHF and hence may not necessarily add incremental value to AMSI determination using MIBG. Future studies with larger patient numbers are needed to definitively assess the incremental prognostic value of SPECT based LVMD estimation to AMSI in SHF patients.
